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We report on the production of a degenerate Fermi gas of 53Cr atoms, polarized in the state
F=9/2, mF = −9/2, by sympathetic cooling with bosonic S=3, mS = −3
52Cr atoms. We load in
an optical dipole trap 3 ×104 53Cr atoms with 106 52Cr atoms. Despite this initial small number
of fermionic atoms, we reach a final temperature of T ≃ 0.6 × Tf (Fermi temperature), with up
to 103 53Cr atoms. This surprisingly efficient evaporation stems from an inter-isotope scattering
length |aBF | = 85(±10) aB (Bohr radius) which is small enough to reduce evaporative losses of the
fermionic isotope, but large enough to insure thermalization.
PACS numbers: 03.75.Ss , 37.10.De, 67.85.Pq
There has recently been tremendous activity on dipo-
lar quantum gases. This is due to the fact that in
dipolar gases the particles interact through long-range
and anisotropic dipole-dipole interactions (DDIs), which
drastically changes the nature of many-body ground and
excited states. After first seminal results with dipolar
Bose-Einstein condensates made of chromium[1, 2], and
then dysprosium [3] and erbium [4] atoms, the focus now
turns towards dipolar degenerate Fermi gases, which raise
fascinating prospects for the study of novel Fermi liquid
properties [5], p-wave superconductivity [6], topological
px+ipy phases [7], or unconventional magnetism [8–11].
Dipolar Fermi gases of dysprosium[12] and erbium[13]
have recently been produced, which has enabled to ob-
serve the Fermi surface deformation induced by dipolar
interactions [14]. However, the density of magnetically-
tunable Feshbach resonances in these Lanthanides atoms
is very large [15, 16], due to anisotropic short range in-
teractions. As this density promises to be even higher
in the context of spinor gases where more than one spin
state is populated, study of magnetism might be difficult
with these atoms. For this reason, chromium, with a
combination of relatively strong dipole-dipole long-range
anisotropic interactions and simple isotropic short range
interactions, remains a unique atom for the study of the
unconventional spinor properties of dipolar quantum de-
generate Fermi gases.
Despite its interest, producing a dipolar Fermi gas of
chromium atoms has been elusive for many years, as it
represents a real experimental challenge. The main rea-
son is the small number of 53Cr atoms that can be cap-
tured in a magneto-optical trap (MOT), at most typically
105, due to relatively small natural abundance, the com-
plex hyperfine structure, and, most importantly, the very
large light-assisted loss rate in a MOT [17]. In this paper,
we describe and demonstrate a way to produce quantum
gases of fermionic 53Cr atoms.
Our scheme consists in loading a mixture of most-
abundant 52Cr atoms and minority 53Cr atoms in the
same far-detuned optical dipole trap (ODT), and in per-
forming forced evaporative cooling. Evaporative losses
are smaller for 53Cr atoms than for 52Cr atoms, which
results in very efficient evaporative cooling characterized
by a gain of typically four orders of magnitude in phase-
space density for one order of magnitude of atom losses.
As a consequence, although only 3× 104 53Cr atoms are
loaded in the dipole trap at 60 µK before evaporation, de-
generate Fermi gases of up to 103 atoms can be produced
in less than 15 s. We analyze our evaporation scheme and
are able to point out the decisive role played by the nu-
merical value of the inter-isotope scattering length, which
is smaller than the bosonic scattering length. We mea-
sure this quantity, and compare it with theoretical pre-
dictions based on mass scaling [18].
Fermi statistics leads to vanishing s-wave collisions due
to Van der Walls interactions at low temperatures for
polarized fermions. Therefore, evaporative cooling to
degeneracy, which requires efficient thermalization, has
been achieved either with a mixture of two fermionic Zee-
man states [19] for which s-wave collisions are allowed, or
for a Bose-Fermi mixture [20]. With dipolar species, low
temperature collisions become possible even for identical
fermions. This very peculiar effect due to the long range
character of DDIs was first observed with Dy [12], and
was used to produce the Er Fermi sea in a very efficient
way [13]. However for Cr the dipolar elastic cross section
is 20 times smaller than for Er, as it scales as d4m2 (d
being the permanent magnetic dipole, and m the mass).
In addition we only manage to trap in a conservative trap
about 30 times less atoms than in [13], which is very un-
favourable for a scenario involving only 53Cr atoms. This
is why we chose to perform sympathetic cooling with the
bosonic 52Cr.
We now turn to the experimental setup used in this
work with special focus on the lasers. The strategy we
used to Bose condense 52Cr is to accumulate atoms cap-
tured inside a MOT into a superimposed far-detuned op-
tical dipole trap (ODT) [21]. To improve loading in the
ODT we make use of optical pumping from excited 7P
states of the MOT trapping transition to different mes-
2FIG. 1: (Color online) Inelastic interspecies collisions in the IR trap.
The life time of 53Cr atoms in the ODT dramatically drops when 52Cr
atoms are loaded starting at t=0. This constrains us to optimize the
Bose-Fermi mixture composition before evaporation. Solid lines are fit
to the data, using exponential functions. Error bars show statistical
uncertainties.
tastable states, in which they are protected from deleteri-
ous light assisted collisions [17]. After the ODT is loaded,
the MOT is turned off, atoms are repumped in the 7S3
ground state, optically pumped to the absolute ground
state ms = −3, and finally transferred to a crossed ODT
in which the evaporation is performed.
To adapt this strategy to trap both isotopes in the
same ODT, new laser lines are necessary due to the hy-
perfine structure of the fermionic isotope. The trapping
lasers needed to obtain a 53Cr MOT using the 7S3 →
7 P4
transition at 425 nm were reported in [17]. They are
generated from a dedicated laser system producing 800
mW of 425 nm light. The optimal MOT for loading the
ODT contains 105 53Cr atoms, at a temperature of 120
µK, close to the Doppler temperature. Atoms decay to
metastable states 5D3, F = 9/2 and
5D4, F = 11/2 (from
excited state 7P4, F = 11/2), and
5S2, F = 7/2 (from
7P3, F = 9/2, see below). Repumping of these states
to the ground state is performed via the excited state
7P3[22].
The (horizontal) ODT is derived from a 100 W Infra
Red (IR) Ytterbium fibre laser at 1075 nm. We use 60
W and control the power with an Acousto Optic Modu-
lator (AOM). The laser is turned on and superimposed
with the MOT. Frequency modulation of the AOM at
fast frequency (100 kHz) allows to adapt the IR laser
mode size with the MOT radius. We find the same AOM
parameters for optimal loading of both isotopes.
Optimization of the loading of the IR trap with 52Cr
was studied in [23]. It revealed in particular the cru-
cial role played by the metastable 5S2 state, populated
from the MOT by using a depumping beam at 427 nm
(almost resonant with the 7S3 →
7 P3 transition). Op-
timal depumping allows to double atom number in the
ODT. For the fermionic case, we could only increase the
atom number by 20 % when depumping to 5S2. We in-
terpret this reduction in efficiency as a result of signif-
icantly larger inelastic collisions between 5S2, F = 7/2
53Cr atoms, compared to 5S2
52Cr atoms. This may arise
from the non favorable ”inverted” hyperfine structure in
this state: energetically allowed two-body inelastic colli-
sions processes populate the other hyperfine states of 5S2,
leading to losses. We finally could accumulate about 105
53Cr atoms in the ODT, to be compared with up to 2.106
for 52Cr, with respective 1/e loading time equal to 200
(50) ms.
In our experiment, the Zeeman Slower beam used to
slow down 53Cr substantially reduces the 52Cr MOT
atom number [17]. Therefore, we do not load the two
isotopes at the same time in the ODT. Instead we first
make a 53Cr MOT (to load 53Cr atoms in the ODT), then
switch off the blue beams specific for the 53Cr MOT and
turn on the 52Cr MOT for a given amount of time ∆t (to
load 52Cr atoms in the ODT). We then detect both atom
numbers, N52 and N53. As shown in Fig. 1, the presence
of both isotopes in the IR trap leads to losses, attributed
to inter-isotope inelastic losses [22]. The starting point
for evaporative cooling is therefore a trade-off: when
∆t increases, N52 increases, but N53 decreases. With
∆t = 90 ms, we obtain the following optimal mixture for
evaporation: N53 = 3.10
4 and N52 = 1.10
6.
Once the atoms are optically pumped to their abso-
lute ground state (respectively S = 3,mS = −3 and
F = 9/2,mF = −9/2), the crossed dipole trap is im-
plemented by transferring 80% of IR power to a vertical
beam, in 9 s. The total IR power is then reduced to 1
W (starting at t=5 s) in 7 s. Figure 2 shows the evo-
lution of the Boson temperature and atom numbers for
both isotopes. Thermalization between the two isotopes
is relatively good during the whole evaporation process
as shown by Fig.3. Consequently, the interspecies cross
section σBF has to be relatively large. On the other hand,
thermalization is not perfect: the fermion temperature is
measured to be about 20% higher than the one of the bo-
son. We thus infer that σBF is smaller than the bosonic
cross section σBB. At the end of the ramp, a
52Cr BEC
is obtained with typically 8.103 atoms, while the number
of 53Cr atoms ranges between 500 and 1000.
The power of the IR laser is then rapidly ramped up
(to 5 W) to obtain a tighter trap and freeze evapora-
tion. Trap frequencies ωx,y,z = 2pi × (430, 510, 350) Hz
are measured through parametric excitation, with 5% un-
certainty. In this trap, we obtain that the critical tem-
perature for BEC is Tc = 380 nK for 10
4 atoms, while
the Fermi temperature is Tf = 370 nK for 10
3 atoms.
The experimental temperatures are obtained by fitting
the velocity distributions imaged after a free fall, by a
bimodal distribution for 52Cr, and by either [24] a Boltz-
mann or a Fermi-Dirac distribution for 53Cr. We obtain
T52 = (180± 20) nK and T53 = (220± 20) nK. We there-
fore obtain T53/Tf = 0.6.
In addition to report the production of 53Cr degenerate
gases, one of the main points of this paper is to explain
3FIG. 2: (Color online) Time evolution of 52Cr temperature and
atom number of both isotopes. t=0 corresponds to the end of the
IR trap loading. The crossed dipole trap is fully loaded at t=7 s.
The evaporation ends at t=12 s. An in-situ absorption image of the
degenerate fermionic cloud is shown.
FIG. 3: (Color online) Comparison between the two isotopes dur-
ing evaporation. Left: Atom numbers showing the smaller losses for
fermions at the end of evaporation. The (red) curve is a guide for the
eye, the straight (blue) line is a linear fit to the initial trend. Right:
Temperatures. The temperature of the fermion remains about 20%
higher than that of the boson during the whole sequence. The straight
(blue) line corresponds to identical temperatures.
why our strategy to reach quantum degeneracy is efficient
despite the small atom number before evaporation. For
that we develop the following theoretical model, based on
the scaling laws for evaporation first introduced in [25].
Our main assumption is that polarized 53Cr atoms only
collide with 52Cr atoms. This assumption is first moti-
vated by the fact that the centrifugal barrier is of the
order of 1 mK for the p−wave channel, much larger than
the initial temperature of the cloud. As a consequence,
polarized Fermions can be considered not to collide with
each other through Van der Walls interactions. In addi-
tion, the expected scattering cross-section between iden-
tical Fermions due to DDIs, estimated to be 9.8× 10−18
m−2 using first order Born approximation [26], is small
enough that dipolar collisions may be neglected given the
density. Therefore one can consider that fermions only
collide with most abundant 52Cr atoms. Due to large dif-
ferences in atom numbers, we assume as well that evap-
orative losses of bosons solely come from collisions with
bosons.
Given these assumptions, the rate equations for evap-
oration are given by:
dNB
dt
= −σBBnBV¯ f(ηB)NB − ΓNB (1)
dNF
dt
= −σBFnBV¯ f(ηF )NF − ΓNF
d(3NBTB)
dt
= −σBBnBV¯ f(ηB)(ηB + 1)NBTB − Γ(3NBTB)
d(3NFTF )
dt
= −σBFnBV¯ f(ηF )(ηF + 1)NFTF − Γ(3NFTF )
where i = B,F stands for Boson of Fermion, Ni is
an atom number, ni a density, V¯ = (16kBT/pim)
1/2
is the mean of the magnitude of the relative velocity,
Γ is the one body loss coefficient, independently mea-
sured to be Γ = .1 s−1 in our experiment, η is the ra-
tio between the trap depth and the thermal energy, and
f(η) = 2(η − 4)e−η [25, 27]. These equations assume
thermal equilibrium. As noticed above the fermion tem-
perature is slightly higher than the boson temperature,
which signals a slight departure from thermal equilib-
rium. To interpret our data, we therefore assume thermal
equilibrium for each gas, at a temperature which slightly
depends on the isotope.
The first term in the right-hand side of each equation
in (1) describes evaporation. One major difficulty in ap-
plying this model to quantitatively describe evaporation
is that the rate of evaporation depends exponentially on
η, via the exponential term in f . It is usually difficult to
precisely measure the trap depth in one experiment (e.g.
due to uncertainties in estimating waists of laser beams
in situ). However, the trap depth is almost identical for
the two isotopes (isotopic shifts being much smaller than
the detunings of the IR laser to all optical transitions). In
our analysis, we therefore strongly reduce the sensitivity
to the trap depth by comparing the rate of evaporation
of fermions to the one of bosons. The first two equations
of (1) give:
loge
(
NB(t2)
NB(t1)
)
+ Γ(t2 − t1)
loge
(
NF (t2)
NF (t1)
)
+ Γ(t2 − t1)
=
σBB
σBF
×
f(ηB)
f(ηF )
(2)
As seen from eq.(2), the sensitivity to trap depth is
not completely suppressed by the relative measurement,
because the temperature of both clouds are slightly dif-
ferent, leading to values of ηB and ηF differing by up to
20 percent. We therefore first estimate the value of ηB by
comparing the measured loss rate of bosons and cooling
rate. From the first and third eqs in (1) we infer:
4FIG. 4: (Color online) Experimental measurements of the ratio of
the boson-boson and inter-isotope cross sections obtained using eq.(2),
with t1 = 10 s (see text). Inset: scattering lengths of Cr, including
a52−53 (this work), which is in good agreement with predictions based
on mass-scaling. The solid line is the predicted scattering length using
mass scaling of semi-classical phase [18].
loge
(
TB(t2)
TB(t1)
)
=
2− η
3
[
loge
(
NB(t1)
NB(t2)
)
− Γ(t2 − t1)
]
(3)
The analysis of our data using eq.(3) leads to an ex-
perimental estimate of ηB = 6.5± 0.5, in relatively good
agreement with the ratio of the trap depth to tempera-
ture ≈ 7 which we infer from calibrating the trap depth.
We thus infer f(ηB)/f(ηF ) = 2.0± 0.5
We now use our experimental data, to estimate from
eq.(2) the value for the cross-section σBF . We can use
different portions of the experimental data to measure
the ratio σBF /σBB as shown in Fig.4. In practice, this is
for example done by spanning the times t1 and t2 over the
range of experimental times which were investigated in
our experimental data. Experimental values of σBF /σBB
all lie in the interval 0.35±0.05 irrespective of the choice
of t1 and t2. This indicates that σBF /σBB is insensi-
tive to temperature to within signal-to-noise ratio. This
is in good agreement with the assumptions that atoms
collide mostly through s−wave and short-range interac-
tions. This is also in good agreement with theoretical
predictions [28].
An outcome of our analysis is the first measurement
of the boson-fermion scattering length aBF in the S = 6
electronic molecular potential (both atoms being in the
stretched state of lowest energy). Indeed, σBF = 4pia
2
BF
describe collisions between (distinguishable) bosons and
fermions, while the value of σBB = 8pia
2
BB, which de-
scribes collisions between (undistinguishable) bosons, has
been measured with accuracy [29]. In Fig.4 we report
the known value of a6 for
52Cr, the less-well known value
for 50Cr [30], as well as our newly measured value for
|aBF | = 85(±10) aB. The good agreement with theoret-
ical predictions based on mass-scaling [18] indicates that
aBF > 0.
Our analysis therefore confirms that σBF < σBB . As
evaporation is optimized to be achieved as fast as possi-
ble for the boson, it is not surprising that the Fermi cloud
lags slightly behind in terms of temperature. This anal-
ysis shows that our strategy to cool fermions is particu-
larly efficient because (i) σBF is sufficiently large to (al-
most) insure inter-isotope thermal equilibrium; (ii) σBF
is small enough to reduce evaporative losses of fermions,
which leads to a gradual increase of the ratio of the num-
ber of fermions to the number of bosons as evaporation
proceeds (see Fig.3). This increase is essential for the
positive outcome of our experiment.
In conclusion, we have produced a 53Cr degenrate
Fermi gas, with up to 103 atoms, together with a BEC of
104 52Cr atoms. This boson-fermion degenerate mixture
might have peculiar properties, due to the strong imbal-
ance in atom numbers. The spatial mode of the Fermi
sea may be deformed by strong repulsive interaction with
the BEC, which is of the order of the Fermi energy. De-
formation of the Fermi surface may arise as well. These
effects should be amplified close to an inter-isotope Fes-
hbach resonance.
We plan to reveal the dipolar nature of the Cr Fermi
sea by studying Pauli paramagnetism at low magnetic
field. Quantum statistics is expected to lead then to a
very different picture than the one we obtained for 52Cr
[31]. In a 3D optical lattice, 53Cr should provide a good
platform to engineer new magnetism associated to XYZ
spin models [9], complementary to recent studies with
52Cr [32].
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